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HIGHLIGHTS 


•  LiPON  thin  films  were  investigated  by  FIB-SEM. 

•  Plasma  parameters  were  measured  by  mass  spectrometry,  probes  and  emission  spectroscopy. 

•  Best  film  conductivity  is  correlated  with  a  higher  degree  of  dissociation  for  N2. 

•  Higher  ion  energy  and  larger  fractions  of  Li,  P  and  NP  are  also  important. 
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The  nitrogen  dissociation  and  plasma  parameters  during  radio  frequency  sputtering  of  lithium  phos¬ 
phorus  oxynitride  thin  films  in  nitrogen  gas  are  investigated  by  mass  appearance  spectrometry,  elec¬ 
trostatic  probes  and  optical  emission  spectroscopy,  and  the  results  are  correlated  with  electrochemical 
properties  and  microstructure  of  the  films.  Low  pressure  and  moderate  power  are  associated  with  lower 
plasma  density,  higher  electron  temperature,  higher  plasma  potential  and  larger  diffusion  length  for 
sputtered  particles.  This  combination  of  parameters  favors  the  presence  of  more  atomic  nitrogen,  a  fact 
that  correlates  with  a  higher  ionic  conductivity.  Despite  of  lower  plasma  density  the  film  grows  faster  at 
lower  pressure  where  the  higher  plasma  potential,  translated  into  higher  energy  for  impinging  ions  on 
the  substrate,  resulted  in  a  compact  and  smooth  film  structure.  Higher  pressures  showed  much  less 
nitrogen  dissociation  and  lower  ion  energy  with  thinner  films,  less  ionic  conductivity  and  poor  film 
structure  with  large  roughness. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  increasing  demand  on  portable  microelectronic  devices 
(sensors,  circuit  boards,  etc.)  has  made  the  development  of 
compact,  all-solid-state  thin  film  batteries  a  field  of  increasing 
importance.  A  common  requirement  for  the  batteries  is  that  they 
need  to  be  compact,  of  low  weight  and  of  high  power  density. 
Thus,  improving  the  performance,  i.e.  capacity,  lifetime  and  safety, 
and  lowering  the  cost  of  batteries  is  a  critical  goal  under  stringent 
need  for  development.  Lithium  ion  based  batteries  are  often  cho¬ 
sen  due  to  their  high  power  density  and  low  weight.  The  main 
active  components  in  a  battery  are  the  cathode,  anode  and  elec¬ 
trolyte.  The  requirements  for  a  good  solid  electrolyte  includes  a 
high  ionic  conductivity,  low  electronic  conductivity,  electro¬ 
chemical  stability  in  a  wide  potential  range,  good  performance  in  a 
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wide  temperature  range,  homogeneous  morphology  without 
pores  or  cracks,  and  good  adhesion  with  the  electrode  materials. 
Lithium  phosphorous  oxynitride  (Lipon)  1,2]  thin  films  is  one  of 
the  most  promising  electrolyte  materials  for  compact  solid-state- 
battery  [3-6].  It  was  initially  developed  in  the  1990's  by  Oak 
Ridge  National  Laboratories  and  is  an  amorphous  Li+  ion  conductor 
with  a  very  high  electrochemical  stability  window  of  between  0  V 
and  5.5  V  vs.  Li/Li+  [7],  which  makes  it  compatible  with  high- 
voltage  cathodes,  as  well  as  stable  in  contact  with  lithium  metal 
[1  .  In  addition  it  shows  an  acceptable  Li  ion  conductivity 
(c>Li+  ~  2  10-6  S  cm”1)  [7]  and  low  electron  conductivity 
(ae_  =  8  10”14  S  cm-1)  [8]  at  25  °C  depending  on  the  exact  stoi¬ 
chiometry,  usually  close  to  Li3.3PO3.9N0.17  [1  •  Due  to  the  amor¬ 
phous  structure  Lipon  has  the  advantages  of  isotropic  conduction 
properties  and  in  addition  it  can  form  flexible  thin  films  9]  and 
exerts  no  cracking  even  when  cathode  volume  changes  [7].  This 
makes  it  very  interesting  for  commercial  applications.  Besides 
being  used  as  solid  electrolyte,  Lipon  is  also  interesting  as  a  particle 
coating  to  stabilize  high  voltage  cathodes  10-13]. 
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Several  deposition  techniques  have  been  used  to  produce  Upon 
thin  films,  including:  radio  frequency  (RF)  magnetron  sputtering 
[4,14-19  ,  pulsed  laser  deposition  [20],  electron  beam  evaporation 
[21],  ammonolysis  [22  ,  plasma  assisted  vapor  deposition  [23  ,and 
ion  beam  directed  assembly  [24].  Reactive  magnetron  sputtering  is 
the  technique  most  often  used,  where  the  Upon  thin  films  can  be 
formed  by  sputtering  from  a  LisPCH  target  in  pure  nitrogen  gas. 
Many  parameters  of  the  sputtering  process  affect  the  quality  of  the 
Lipon  films  in  terms  of  Li  ion  conductivity,  film  morphology,  and 
film  deposition  rate.  This  includes  RF  sputtering  power 
[14-16,19,25  ,  nitrogen  pressure  [16,17,19],  nitrogen  flow  rate 
[25,26],  substrate  temperature  [27],  post-thermal  treatment 
[28,29],  target  morphology  18,19,25  ,  and  target-to-substrate 
distance  [19  .  During  the  sputtering  the  nitrogen  atoms  are 
incorporated  into  the  LisPCH  structure  by  breaking  the  P-O-P 
bond  and  forming  P-N=P  and  P-N  <pP  bonds  [30].  The  introduc¬ 
tion  of  triple  bonded  nitrogen  induces  a  structural  disorder  which 
affects  the  ionic  conductivity  of  the  film  considerably,  however, 
despite  extensive  research  this  dependence  is  not  yet  well  un¬ 
derstood  [31  .  A  new  approach  to  better  understand  how  the 
sputtering  parameters  affects  the  Lipon  properties  is  to  determine 
the  type  of  reactive  species  formed  in  the  plasma  during  the 
reactive  sputtering.  Identification  of  the  type  and  concentration  of 
reactive  species  in  correlation  with  main  plasma  parameters 
(plasma  density,  ne,  electron  temperature,  Te,  and  plasma  poten¬ 
tial,  Vp\)  during  the  Lipon  sputtering  could  thus  contribute  to  the 
understanding  of  the  film  growth  mechanism  and  then  link  it  to 
the  electrochemical  properties.  To  our  knowledge  such  kind  of 
plasma  diagnostics  during  sputtering  of  Lipon  has  never  been 
reported. 

The  objective  of  this  work  is  to  investigate  the  plasma  properties 
during  the  reactive  RF  magnetron  sputtering  of  a  Li3P04  target  in 
nitrogen  atmosphere  using  mass  spectrometry,  electrostatic  probes 
and  optical  emission  spectroscopy.  The  detailed  plasma  diagnostic 
is  performed  in  an  electron  cyclotron  resonance  (ECR)  plasma 
assisted  RF  sputtering  setup.  The  influence  of  sputtering  power  and 
nitrogen  pressure  on  the  reactive  species  formed  in  the  plasma  is 
investigated  in  direct  correlation  with  morphology  and  electro¬ 
chemical  properties  of  deposited  Lipon  films.  A  sputtering  power  in 
the  range  of  50-300  W  and  a  nitrogen  pressure  in  the  range  of 
5-50  mTorr  will  be  used.  Focused  ion  beam  scanning  electron 
microscopy  (FIB-SEM)  is  used  for  characterization  of  the  micro¬ 
structure  and  film  morphology  and  electrochemical  impedance 
spectroscopy  (EIS)  is  used  for  determining  the  ionic  conductivity  of 
the  films. 

2.  Experimental  methods 

2.2.  RF  magnetron  sputtering 

The  synthesis  of  thin  Lipon  films  was  performed  using  an  RF 
magnetron  sputtering  system  of  a  2  inch  Li3P04  target  (Kurt 
Lesker®)  in  N2  atmosphere.  The  Li3P04  target  was  presputtered  for 
an  hour  before  each  deposition  in  order  to  remove  any  impurities 
of  hydrocarbons  on  the  surface.  The  Lipon  films  were  deposited 
onto  100  nm  Au-coated  silicon  substrates  using  different  values  of 
N2  pressure  (5,  20,  or  50  mTorr)  and  RF  power  (100,  200,  or 
300  W)  in  a  controllable  nitrogen  flow  of  66  seem.  A  sputtering 
time  of  7  h  and  a  target-to-substrate  distance  of  60  mm  were  used 
in  each  case.  The  substrate  temperature  (below  200  °C)  was 
dictated  by  heat  formation  from  the  plasma  generation  and  no 
additional  heating  was  applied.  A  300  nm  Ag  coating  was 
deposited  on  top  of  the  Lipon  layer.  Proper  masking  during 
deposition  of  the  Lipon  and  Ag  layers,  resulted  in  Au/Lipon/Ag 
cells  of  7  x  7  mm2. 


2.2.  Impedance  spectroscopy 

The  resistances  of  the  Lipon  films  were  measured  by  AC  elec¬ 
trochemical  impedance  spectroscopy  (EIS).  The  EIS  spectra  of  the 
prepared  single  layer  Lipon  films  was  measured  by  using  the  Ag/ 
Lipon/Au  sandwich  structure.  A  setup  consisting  of  spring  loaded 
Au-plated  pins  implanted  in  a  Plexiglas  plate  was  used  for  the  EIS 
measurements  in  a  2-electrode  setup.  One  of  the  test  probes  was 
contacted  to  the  Ag  film  (using  a  piece  of  conducting  rubber  in 
between)  and  the  other  was  contacted  to  the  Au  coated  substrate 
outside  the  cell.  EIS  measurements  were  conducted  at  room  tem¬ 
perature  using  a  Biologic  VMP3  impedance  analyzer  in  the  fre¬ 
quency  range  from  10  mHz  to  500  kHz.  Two  cells  for  each  Lipon 
layer  type  were  tested.  The  impedance  data  were  analyzed  by 
nonlinear  least  square  fitting  of  the  data  to  equivalent  circuits  using 
the  EC  lab  software  [32]. 

2.3.  Thin  film  characterization 

The  microstructure  of  Lipon  films  prepared  at  100  W  was 
investigated  using  a  Carl  Zeiss  1540  XB  (Carl  Zeiss,  Oberkochen, 
Germany)  combined  focused  ion  beam  and  scanning  electron  mi¬ 
croscope  (FIB-SEM).  A  Ga-ion  source  was  used  for  the  FIB.  To  create 
a  cross-sectional  view  perpendicular  to  the  Ag  surface,  a  trench  was 
created  using  a  10  nA  ion-probe  and  the  subsequent  surface  polish 
was  performed  using  a  200  pA  beam.  For  the  SEM,  an  acceleration 
voltage  of  1.5-5  keV  was  used  and  either  a  secondary  electron  (SE) 
or  an  in-lens  SE  detector  was  used  for  obtaining  the  micrographs. 
Lipon  films  prepared  at  200  W  and  300  W  were  investigated  using  a 
Carl  Zeiss  Supra  35  (Carl  Zeiss,  Oberkochen,  Germany)  with  an  ac¬ 
celeration  voltage  of  1.5-5  keV.  Cross  sections  were  prepared  by 
fracturing  these  samples  inside  the  glove  box  with  aid  from  a  dia¬ 
mond  cutter  on  the  back  side.  The  samples  were  very  shortly 
exposed  to  air  (less  than  1  min)  during  the  transfer  between  glove 
box  and  SEM.  The  XPS  measurements  were  performed  on  a  com¬ 
mercial  PHI  5500  spectrometer  (Perkin  Elmer  Physical  Electronics, 
Minneap-olis,  MN),  using  monochromatized  Al  Ka  radiation 
(1487  eV)  and  an  electron  emission  angle  of  45°.  The  dimensions  of 
the  measurement  region  were  approximately  2x4  mm. 

Energy  dispersive  spectroscopy  (EDS)  measurements  were 
performed  using  the  Carl  Zeiss  Supra  35  at  an  acceleration  voltage 
of  10  kV.  Data  was  collected  using  a  “Bruker  Nano  XFlash  Detector” 
and  analyzed  by  the  software  “Bruker  Esprit  1.9”. 

2.4.  Plasma  diagnostics 

Surface  contamination  of  probes,  additional  electrodes  and  op¬ 
tical  ports  is  the  main  problem  for  plasma  diagnostics  during 
deposition  of  thin  films  by  magnetron  sputtering.  Even  a  few  sec¬ 
onds  of  deposition  are  enough  to  contaminate  the  probe  surface;  a 
fact  that  results  in  erroneous  measurements  of  the  current-bias 
characteristic  and  consequently  incorrect  estimation  of  plasma  pa¬ 
rameters  [33,34].  Films  above  only  a  few  nm  deposited  on  windows 
keeping  the  vacuum  or  on  tips  of  optical  fibers  can  also  affect  the 
emission  lines  detected  by  optical  emission  spectroscopy.  In  addi¬ 
tion,  such  films  can  also  influence  the  performance  of  a  separation 
mesh  placed  in  the  front  of  the  orifice  of  the  mass  spectrometer  to 
eliminate  the  contribution  of  plasma  ions  when  detecting  the  neutral 
radicals.  For  these  reasons  a  different  setup  than  the  one  used  to 
deposit  micrometer  thick  Lipon  films  was  used  for  plasma  di¬ 
agnostics.  The  following  precautions  were  taken  to  ensure  a  correct 
diagnostics.  An  independent  plasma  source  was  used  in  the  same 
chamber  with  the  magnetron  sputtering  cathode  and  the  diagnostic 
equipment  as  to  allow  the  cleaning  of  the  probe  surface  and  of  the 
separation  mesh  by  ionic  bombardment  in  nitrogen  plasma  during 
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the  off  time  of  the  RF  sputtering.  Each  probe  measurement  was 
performed  after  3  min  of  probe  cleaning,  for  a  recording  time  below 
1  s  during  the  sputtering,  using  a  fast  data  acquisition  system 
controlled  by  a  PC.  The  mesh  contamination  was  monitored  by 
keeping  below  5%  the  decrease  of  the  collected  current,  due  to 
contamination,  during  mass  spectrometry  measurement.  Cleaning  of 
the  mesh  with  ionic  bombardment  was  performed  once  the 
collected  current  deviated  from  the  reference  value  corresponding  to 
a  clean  surface.  The  tip  of  the  optical  fiber  (vacuum  tide)  was  inserted 
in  a  10  mm  long  ceramic  tube  of  0.7  mm  inner  diameter  and  1.2  mm 
outer  diameter  as  to  ensure  certain  directionality  for  optical  mea¬ 
surement  and  prevent  contamination.  The  setup  is  presented  in  Fig.  1 
and  includes  the  ECR  plasma  source  consisting  of  a  3  x  4  matrix 
configuration  of  distributed  plasma  cells  placed  at  the  top  of  a 
40  x  40  x  40  cm  vacuum  chamber.  The  ECR  cells  [35,36  can  produce 
uniform  plasma  in  a  pressure  range  from  10  down  to  0.1  mTorr.  A 
water  cooled  magnetic  filter,  made  of  permanent  magnets,  is  used  to 
control  the  electron  temperature  [37  .  The  2  inch  magnetron  sput¬ 
tering  cathode  is  placed  on  the  lateral  side  facing  the  head  of  a  Hiden 
mass  spectrometer,  with  a  distance  of  130  mm  from  the  entrance 
orifice  to  the  cathode.  The  Langmuir  probe  and  an  optical  fiber  is 
inserted  perpendicular  to  the  direction  of  the  mass  spectrometer  and 
the  cathode  (6.5  cm  from  the  cathode  surface  in  the  axial  direction 
and  2.5  cm  off  axis)  as  to  measure  plasma  parameters  and  optical 
emission  spectra.  The  current-voltage  probe  characteristics  were 
used  to  obtain  plasma  density,  nh  from  the  ionic  saturation  region, 
the  effective  electron  temperature,  Teff,  by  integrating  the  electron 
energy  distribution  function,  and  plasma  potential,  Vpi,  as  the  po¬ 
tential  giving  the  maximum  value  of  the  first  derivative  of  the  cur¬ 
rent-voltage  characteristic  [38,39  . 

It  is  expected  that  the  atomic  nitrogen  can  influence  the  ionic 
conductivity  of  the  Lipon  films.  So  it  is  important  to  estimate  the 
fraction  of  atomic  nitrogen  into  discharge  and  also  to  detect  other 
ions  and  reactive  species  assisting  the  film  growth.  The  ionization 
degree  of  magnetron  plasmas  is  below  10%  and  the  ionization  ef¬ 
ficiency  of  the  filament  placed  inside  of  the  mass  spectrometer 
head,  as  to  detect  neutral  species,  is  about  10~4.  It  means  that  the 
detection  of  atomic  nitrogen  is  only  possible  by  eliminating  the  N+ 
originated  from  plasma.  At  the  same  time  the  ionization  filament 
can  dissociate  the  N2  and  Nj  inside  of  the  mass  spectrometer, 
contributing  indirectly  to  the  atomic  nitrogen  peak.  In  order  to 
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avoid  these  problems,  the  nitrogen  ions  originating  from  plasma 
were  reflected  before  the  entrance  into  the  mass  spectrometer 
using  a  biased  mesh  of  15  mm  diameter  and  placed  10  mm  in  front 
of  the  orifice.  The  mesh  was  biased  at  10  V  with  respect  to  Vp\ 
(detected  by  probe)  when  measuring  radicals  and  was  kept  at  \7pi 
for  when  measuring  ions.  Also,  in  order  to  discriminate  between 
the  atomic  nitrogen  created  in  plasma  from  that  created  by  the 
ionizing  filament  through  dissociation,  we  used  the  method  of 
mass  appearance  spectroscopy  proposed  by  Sugai  et  al.  [40]  which 
takes  into  account  the  threshold  energy  for  dissociation  of  N2. 


(a) 

p=  5  mTorr 

0.5  (jm 

Fig.  1.  Schematic  of  the  sputtering  system  including  the  ECR  plasma  cells  and  the 
diagnostics  equipment. 


Fig.  2.  SEM  micrographs  of  the  surface  of  Lipon  films  (Ag-coated)  deposited  with  RF 
power  of  100  W  and  a  N2  pressure  of  (a)  5  mTorr,  (b)  20  mTorr,  and  (c)  50  mTorr. 
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Therefore,  N  was  detected  by  applying  an  ionization  potential  of 
21  V  to  the  filament  while  N2  was  detected  for  14  V. 

3.  Results  and  discussion 

3.1.  Microstructure 

3.1.1.  Effect  of  nitrogen  pressure 

Top  view  SEM  of  the  Ag-coated  Upon  films  deposited  in  a  ni¬ 
trogen  pressure  of  (a)  5  mTorr,  (b)  20  mTorr  and  (c)  50  mTorr  are 
presented  in  Fig.  2  for  a  RF  power  of  100  W  and  7  h  of  deposition 
time.  The  magnifications  are  not  identical  as  to  make  it  easier  to 
identify  the  large  differences  on  morphology.  A  uniform  film  surface 
was  observed  for  5  and  20  mTorr,  while  well  distinct  structures  of 
micrometer  size  are  present  for  50  mTorr.  To  investigate  the 
morphology  in  more  detail  FIB-SEM  micrographs  of  the  cross  section 
of  the  films  are  presented  in  Fig.  3.  The  films  prepared  at  5  mTorr  and 
20  mTorr  are  compact,  uniform,  and  without  cracks  or  voids.  Both 
films  have  a  very  good  contact  with  the  Ag  layer  and  the  substrate 
(see  Fig.  3(b)  and  (d)).  The  film  prepared  at  50  mTorr,  on  the  other 
hand,  has  a  very  rough,  irregular  morphology  with  the  presence  of 
large  volcano-shaped  micro-structures  at  the  surface.  As  can  be  seen 
from  Fig.  3(f),  the  origin  of  these  volcano-structures  comes  from 
irregular  growth  of  the  Upon  layer  itself.  The  influence  of  nitrogen 
pressure  on  the  Lipon  morphology  can  be  compared  to  the  work  by 
Chiu  et  al.  [41  and  Park  et  al.  17  .  Both  groups  have  found  that  using 


a  nitrogen  pressure  at/above  20  mTorr  results  in  a  rough,  irregular 
layer  structure.  This  observation  can  be  explained  by  the  fact  that  at 
higher  pressure  the  mean  free  path  of  the  sputtered  atoms  are 
shorter  due  to  a  higher  collision  frequency  [42  .  This  reduces  the 
kinetic  energy  of  the  particles  and  thereby  their  ability  for  surface 
diffusion  after  deposition  on  the  substrate  [43  .  The  lower  diffusion 
energy  of  the  deposited  particles  will  result  in  a  rough  surface 
structure  with  potential  voids  and  pinholes.  Despite  similarities  with 
other  studies,  the  observation  of  volcano-shaped  micro  structures 
has  never  been  published  before.  All  three  Lipon  films  were  made 
using  a  sputtering  time  of  7  h,  but  large  differences  in  the  final  layer 
thickness  was  observed.  At  5  mTorr  a  thickness  of  1.43  pm  was  ob¬ 
tained,  corresponding  to  a  sputtering  rate  of  3.4  nm  min-1.  At 
20  mTorr  a  thickness  of  0.97  pm  was  obtained,  while  at  50  mTorr  the 
thickness  at  the  flat  Lipon  layer  (excluding  the  volcano-structures)  is 
only  0.59  pm.  From  this  it  is  clear  that  the  nitrogen  pressure  affects 
the  deposition  rate  of  the  Lipon  layers,  with  a  low  pressure  giving 
the  highest  deposition  rate.  This  trend  is  expected  because  a  high 
sputtering  pressure  will  increase  the  scattering  of  the  sputtered 
atoms  and  thereby  reduce  the  amount  of  sputtering  particles  that 
hits  the  substrate  and  thus  decrease  the  deposition  rate  [42].  This 
trend  was  also  observed  by  Hamon  et  al.  19]. 

3.1.2.  Effect  of  RE  power 

SEM  micrographs  of  Ag-coated  Lipon  films  deposited  using  a  ni¬ 
trogen  pressure  of  5  mTorr  and  an  RF  power  of  200  W  and  300  W, 


Fig.  3.  FIB-SEM  micrographs  of  Ag/Lipon/Au  structures  on  Si  substrate,  with  higher  magnification  in  the  right-hand-side  for  similar  conditions  as  in  the  left.  The  Lipon  films  were 
deposited  at  100  W  at  a  N2  pressure  of  (a)  and  (b)  5  mTorr,  (c)  and  (d)  20  mTorr,  and,  (e)  and  (f)  50  mTorr,  respectively. 
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respectively,  are  presented  in  Fig.  4.  Both  samples  have  a  Upon  layer 
that  is  very  coarse,  causing  the  Ag-coating  to  be  very  rough.  When 
comparing  to  the  film  formed  using  an  RF  power  of  100  W  (Fig.  3(a) 
and  (b))  a  significant  difference  is  observed.  Although  the  cross  sec¬ 
tion  of  the  samples  in  Fig.  4  are  the  edge  of  a  broken  sample,  and  not  a 
FIB-milled  smooth  surface  as  seen  in  Fig.  3,  the  difference  in  Upon 
layer  structure  is  obvious.  Using  a  sputtering  power  above  200  W 
results  in  a  Lipon  layer  with  a  very  bad  contact  with  the  Ag  layer.  The 
surface  of  the  sample  prepared  at  200  W  (Fig.  4(b))  has  the  presence  of 
large  crater-like  irregularities.  These  craters  have  occurred  during  the 
Upon  deposition,  as  the  bottom  of  the  craters  shows  a  layer  of  Ag  on 
top  of  the  Au  substrate  (i.e.  local  sites  where  Au  and  Ag  are  contacted). 
Due  to  the  presence  of  these  pinholes  the  samples  prepared  at  200  W 
were  short-circuited,  and  no  electrochemical  characterization  could 
be  performed.  The  presence  of  craters  in  the  Upon  film  could  be 
explained  by  the  generation  of  particles  from  the  target  at  high  RF 
power  [45  .  Due  to  the  top-down  sputtering  configuration  the  parti¬ 
cles  will  fall  onto  the  substrate  and  eventually  cause  pinholes  in  the 
Upon  layer.  The  sample  prepared  at  300  W  (Fig.  4(c)  and  (d))  suffers 
from  severe  cracks,  due  to  stress,  through  the  Lipon  layer  and  large 
regions  of  delaminated  Ag  top  layer.  These  samples  were  also  short- 
circuited.  The  presented  results  show  that  an  RF  sputtering  power 
around  100  W  gives  the  best  films,  which  also  agrees  well  with  the 
reports  by  other  groups  [  14-16,19,25].  The  estimated  thickness  of  the 
sample  prepared  at  200  W  is  2.9  pm,  while  for  the  sample  prepared  at 
300  W  it  is  4.6  pm  ( 11  nm  min1 ).  Based  on  these  values  it  is  clear,  that 
increasing  the  RF  power  results  in  increased  deposition  rates,  as  has 
also  been  observed  by  other  groups  [14-16,19],  albeit  with  a  great 
reduction  in  the  Lipon  layer  homogeneity.  The  increased  deposition 
rate  is  expected  as  a  high  RF  power  will  increase  the  target  erosion  due 
to  a  larger  plasma  density,  a  fact  that  can  also  dislocate  larger  clusters 
that  can  land  on  the  substrate. 

3.1.3.  Electron  beam  sensitivity 

Obtaining  good  SEM  micrographs  of  Lipon  layers  can  be  a 
challenging  task  as  Lipon  is  interacting  with  the  electron  beam. 


Even  with  a  low  acceleration  voltage  of  1.5  kV,  significant  alter¬ 
ations  can  be  observed  after  just  a  single  scan.  Fig.  5  shows  an 
example  of  the  morphological  changes  in  a  Lipon  layer  after  mul¬ 
tiple  scans  with  the  electron  beam.  After  one  scan  in  the  focused 
area,  small  bulky  peaks  started  to  protrude  from  the  smooth  Lipon 
surface,  and  after  a  total  of  three  scans  their  size  had  increased 
significantly.  It  is  well  known  that  oxides  and  other  simple  inor¬ 
ganic  compounds  can  decompose  in  an  electron  beam  [46  .  The 
inelastic  collision  between  the  incoming  electrons  and  the  particles 
of  the  sample  leads  to  a  significant  energy  transfer  that  can 
generate  heat  as  well  as  induce  structural  changes  in  the  sample. 
Due  to  the  insulating  properties  of  Lipon  the  radiation  damage  is 
likely  enhanced  even  further.  Possibly  local  regions  of  crystalline 
phases  (L^O,  L^N,  or  U2CO3)  can  form  within  the  amorphous  Lipon 
layer  as  a  result  of  P-0  and/or  P-N  bond  breaking  and  thereby 
explain  the  observed  changes.  However,  no  exact  explanation  will 
be  attempted  here. 

3.2.  Ionic  conductivity 

To  determine  the  ionic  conductivity  of  the  Lipon  films  electro¬ 
chemical  impedance  spectroscopy  was  used.  The  impedance  results 
of  the  samples  deposited  using  an  RF  power  of  100  W  is  presented 
in  Fig.  6  along  with  the  equivalent  circuit  used  for  fitting.  No  con¬ 
ductivity  measurements  were  obtained  from  the  samples  depos¬ 
ited  at  200  W  and  300  W,  as  both  of  these  samples  was  short- 
circuited  due  to  bad  film-morphology,  as  described  earlier.  The 
Nyquist  plots  consist  of  a  depressed  semicircle  at  the  high  fre¬ 
quency  range  and  an  almost  linear  segment  at  the  low  frequency 
range.  The  semicircle  is  ascribed  to  the  impedance  response  from 
the  Lipon  film  and  is  fitted  by  the  parallel  contribution  of  a  resis¬ 
tance  (Rj),  which  describes  the  ionic  DC  conductivity  in  the  Lipon 
film,  and  a  constant  phase  element  (Qi).  The  low  frequency  segment 
is  ascribed  to  the  electrode-Lipon  interfaces.  The  interfaces  be¬ 
tween  the  Au/Ag  layers  and  the  Lipon  film  are  neither  perfectly  ion¬ 
blocking  nor  ideally  smooth.  Therefore  the  EIS  spectra  do  not 


(a) 

—  '  ^  '3 - 

(b)  PU1II 1 

.  -jgr  *  *  , 

j*  *  .  •  " 

200  W  io  pm 

200  W  100  |jm 

(c) 

(d) 

300  W  10|jm 

300  W  100  pm 

Fig.  4.  SEM  micrographs  of  Ag-coated  Lipon  films  deposited  with  a  nitrogen  pressure  of  5  mTorr  and  a  RF  power  of  (a)  and  (b)  200  W  and  (c)  and  (d)  300  W.  The  micrographs  (a)  and 
(c)  show  the  cross  section  of  a  broken  sample,  while  the  ones  to  the  right  show  the  on-top  surface  structure.  While  (b)  shows  the  presence  of  craters  (d)  exhibits  cracks.  The  Lipon 
layer  thickness  was  (a)  2.9  pm  and  (c)  4.6  pm,  respectively. 
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Fig.  5.  FIB-SEM  micrographs  showing  the  change  in  morphology  of  a  Upon  layer 
(100  W  and  5  mTorr)  after  exposure  to  an  electron  beam  of  1.5  kV;  (a)  after  1  overview 
scan,  and  (b)  after  3  additional  scans  of  the  area  indicated  by  the  dashed  line. 


exhibit  a  pure  capacitive  response  at  the  low  frequency  range  as 
would  have  been  expected  when  using  ion-blocking  electrodes  (i.e. 
the  curve  does  not  meet  the  real  axis  at  a  90°  angle).  Instead,  the 
low  frequency  tail  has  a  slope  that  is  different  from  vertical.  To 
compensate  for  this  deviation,  interfacial  impedance  is  introduced 
to  characterize  the  low  frequency  response,  given  by  a  second 
constant  phase  element  (Qint)-  A  contact  resistance  (R0hm)  is  also 


included  in  the  fit,  although  the  contribution  of  this  to  the  total 
impedance  is  negligible  (R{  »  R0hm )• 

The  ionic  conductivities  (03)  of  the  Upon  films  are  calculated 
based  on  the  resistances  (ft/)  found  from  the  impedance  fitting  and 
the  following  equation. 


where  d  is  the  thickness  of  the  Upon  film  and  A  is  the  area  of  the  Ag 
electrode.  The  ionic  conductivity  of  the  Upon  layer  prepared  at 
5  mTorr  is  2.16  pS  cm-1,  which  is  comparable  to  the  maximum 
conductivity  reported  in  literature  so  far  [7  .  The  conductivity  at 
20  mTorr  shows  a  bit  lower  value  of  1.58  pS  cm-1,  while  the  sample 
prepared  at  50  mTorr  shows  the  worst  conductivity  with  only 
0.47  pS  cm-1.  The  conductivity  is  thus  highly  dependent  on  the 
nitrogen  pressure,  where  a  low  pressure  of  5  mTorr  yields  a  much 
larger  conductivity  than  both  20  mTorr  and  50  mTorr. 

3.3.  Plasma  diagnostics 

In  order  to  understand  the  deposition  parameters  that  can  in¬ 
fluence  the  properties  of  the  Upon  layers,  plasma  diagnostics  was 
performed  using  mass  spectrometry,  probe  measurements  and 
optical  emission  spectroscopy.  The  mass  spectra  for  different 
pressures  are  shown  in  Fig.  7(a)  for  collected  ions  (grid  potential  set 
to  Vp\)  and  for  collected  neutrals  (grid  potential  set  to  \7pi+10  V)  in 


Fig.  6.  Nyquist  plot  of  the  experimental  impedance  spectroscopy  results  (marks) 
including  fit  (solid  line)  of  the  Upon  films  prepared  at  100  W  for  different  pressures. 
The  open  marks  indicate  the  beginning  of  each  new  decade  of  frequencies.  The 
equivalent  circuit  used  for  the  fit  is  shown  in  the  upper  left  corner. 
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Fig.  7.  Mass  spectrometry  measurements  during  the  sputtering  for  different  pressures 
at  100  W  RF  power;  (a)  ion  species  and  (b)  neutrals. 
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Fig.  7(b),  respectively.  A  large  peak  of  N+  is  present  for  all  pressures 
in  Fig.  7(a),  however,  it  takes  into  account  not  only  the  ions  origi¬ 
nated  from  plasma  but  also  those  resulted  via  the  dissociation 
induced  by  the  ionization  filament  in  the  head  of  the  mass  spec¬ 
trometer.  Notable  is  the  presence  of  Li,  P,  and  small  amounts  of 
PN(45  amu),  NO(30  amu)  and  O.  Most  of  these  species  are  also 
detected  as  neutrals  (Fig.  7(b)).  However,  due  to  the  appropriate 
settings  of  the  grid  potential  and  also  the  filament  ionization  en¬ 
ergy,  it  is  evident  that  the  atomic  nitrogen  is  present  in  a  higher 
concentration  than  N2  only  forp  =  5  mTorr.  The  peak  intensity  ratio 
of  atomic  N  to  N2  by  mass  appearance  spectrometry  [40  ,  as  a 
function  of  RF  power  (PRF)  for  different  nitrogen  pressures  (p),  is 
presented  in  Fig.  8(a).  This  result  shows  that  the  N2  dissociation  is 
significantly  higher  at  low  pressures  (p  <  10  mTorr);  a  fact  that 
promotes  the  incorporation  of  nitrogen  into  the  Lipon  film  struc¬ 
ture.  The  peak  intensity  ratio  of  N  to  Li  is  presented  in  Fig.  8(b).  This 
shows  that  Li  is  also  most  available  at  low  pressures;  a  fact  that  is 
beneficial  for  a  higher  ionic  conductivity.  The  intensity  lines  of  Li+ 
and  P+  ions  as  a  function  of  PrF  for  different  pressures  are  presented 
in  Fig.  9(a)  and  (b),  respectively,  where  higher  powers  show  larger 
amounts  of  Li+  and  P+  while  higher  pressure  led  to  lower  values, 
due  to  plasma  localization  closer  to  the  sputtered  target,  as  the 
mean  free  path  of  ion  and  radical  species  decreases.  Probe  mea¬ 
surements  of  nx  as  a  function  of  RF  power  at  different  pressures  are 
presented  in  Fig.  10  and  reveal  that  the  plasma  density  increases 
with  RF  power  and  also  with  nitrogen  pressure  in  a  range  from 
5  x  1015  nrr3  up  to  3  x  1016  m~3.  Fig.  11  shows  Teff  and  Vpi  as  a 
function  of  RF  power  for  different  pressures.  The  effective  electron 


Fig.  8.  Mass  peak  intensity  ratio  of  (a)  N  to  N2  and  (b)  N  to  Li  as  a  function  of  RF  power 
for  different  pressures. 


Fig.  9.  Mass  peak  intensity  of  (a)  Li  and  (b)  P  as  a  function  of  RF  power  for  different 
pressures. 

temperature  was  below  1.5  eV  except  for  p  =  5  mTorr  and 
PRF  >  150  W,  and  reached  more  than  2  eV  only  at  300  W  and 
5  mTorr.  The  plasma  potential  was  9  V  at  5  mTorr  and  decreased  to 
4  V  for  p  =  50  mTorr.  The  optical  emission  spectra  is  presented  in 
Fig.  12  for  operation  in  ECR  plasma  in  black  (500  W,  5  mTorr)  and 
magnetron  sputtering  discharge  in  red  (300  W,  5  mTorr)  where 
from  one  can  see  that  two  Li  lines  can  be  easily  identified  at  610.4 
and  670.7  nm  only  with  the  sputtering  on.  The  intensity  of  Li  lines 
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Fig.  11.  Effective  electron  temperature  (Teff)  with  dashed  lines  and  plasma  potential 
(Vpi)  with  continuous  lines  as  a  function  of  RF  power  for  different  pressures. 

as  a  function  of  discharge  power  for  different  pressures  is  presented 
in  Fig.  13  and  shows  the  same  trend  of  increasing  values  with  power 
as  obtained  from  mass  spectrometry.  The  pressure  dependence 
shows  higher  intensity  lines  as  the  plasma  gets  brighter  at  higher 
pressures  due  to  localization  near  the  Upon  target. 

Plasma  parameters  presented  in  this  section  show  a  higher 
degree  of  nitrogen  dissociation  at  low  pressure  (below  10  mTorr) 
and  moderate  discharge  power  (below  150  W).  This  range  of 
pressure  is  in  fact  close  to  the  lowest  pressure  limit,  of  a  few  mTorr, 
able  to  sustain  the  RF  magnetron  sputtering  discharge.  More  atomic 
nitrogen  and  also  Li,  correlated  with  higher  ion  energies,  and  for¬ 
mation  of  NP  bonds  in  the  gas  phase,  are  very  well  correlated  with 
thin  films  with  higher  ionic  conductivity,  higher  deposition  rate 
and  smoother  and  more  compact  structure.  N2  is  an  important 
reactive  gas  used  to  grow  various  films  and  its  dissociation  has  been 
intensively  studied  with  results  confirming  the  same  behavior  as  in 
the  present  study,  where  higher  electron  temperature  and  lower 
plasma  density  are  most  favorable  for  producing  atomic  nitrogen. 
Probe  measurements  have  shown  clearly  that  less  dense  plasma  at 
5  mTorr  resulted  in  a  thicker  film,  grown  in  the  presence  of  more 
energetic  ions,  a  fact  that  usually  results  in  denser  films.  These 
results  are  opening  a  possible  route  to  investigate  the  yet  not  un¬ 
derstood,  ionic  conduction  mechanism,  in  direct  correlation  with 
the  atomic  nitrogen  concentration  in  the  gas  phase.  At  the  same 
time,  even  lower  pressures  than  5  mTorr  and  energetic  ion 


X  [nm] 

Fig.  12.  Optical  emission  spectra  for  operation  in  ECR  plasma  (500  W  and  5  mTorr)  in 
black  and  magnetron  discharge  (300  W  and  5  mTorr)  in  red.  Two  distinctive  Li  lines 
can  be  easily  identified  at  610.4  and  670.7  nm.  (For  interpretation  of  the  references  to 
colour  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 


Fig.  13.  The  intensity  of  Li  lines  as  a  function  of  discharge  power  for  different 
pressures. 

assistance  are  promising  routes  to  further  increase  the  ionic  con¬ 
ductivity  of  Lipon  thin  films. 

3.4.  Lipon  film  composition 

To  correlate  the  amount  of  atomic  nitrogen  in  gas  phase  with 
film  properties  the  film  composition  was  investigated  by  XPS  and 
EDS.  Fig.  14  presents  the  (a)  Nls  and  (b)  P2p  peaks  by  XPS  for  5  and 
50  mTorr,  respectively,  deposited  for  100  W  and  150  min  deposition 
time  (about  300  nm  in  film  thickness  deposited  on  0.5  mm  thick 
silicon  substrate).  The  measurement  area  in  about  2x4  mm2  so  the 
signal  integrates  over  surface  morphology  structures  presented  in 
Fig.  2.  Despite  of  higher  N2  pressure  the  Nls  peak  is  higher  at 
5  mTorr  than  at  50  mTorr.  A  reversed  trend  is  observed  for  P2p  with 
larger  content  of  P  for  50  mTorr.  The  deconvolution  of  experimental 
peaks  reveals  comparable  fractions  of  double  and  triple 


Fig.  14.  Nls  (a)  and  P2p  (b)  peaks  by  XPS  for  5  and  50  mTorr  deposited  for  100  W  in 
150  min. 
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coordinated  N  bond  structure  for  5  mTorr  while  the  contribution 
from  the  double  coordinated  bond  is  higher  for  50  mTorr.  Some 
peaks  assignment  for  P2p  is  included  in  the  figure.  A  more  detailed 
investigation  of  the  film  structure  was  not  approached  in  this  study 
due  to  limited  capability  to  handle  the  samples  in  a  completely 
controlled  atmosphere  after  the  deposition.  Park  et  al.  17]  have 
also  investigated  the  film  structure  by  XPS  and  found  evidence  of 
double  and  triple  coordinated  bonds  of  N  for  films  deposited  at  5 
and  10  mTorr  and  no  detectable  signal  for  20  mTorr.  The  EDS  is 
penetrating  the  film  so  the  N  and  P  packs  can  regarded  as  inte¬ 
gration  over  the  whole  film  thickness  for  a  scanning  area  of 
20  x  20  pm2.  The  N/P  peak  ratio  was  1.2  for  5  mTorr,  0.97  for 
20  mTorr  and  0.93  for  50  mTorr,  respectively. 

3.5.  Discussion 

As  pointed  out  recently  by  Munoz  [31  the  mechanism  con¬ 
trolling  the  ionic  conductivity  of  Upon  films  is  not  understood  and 
more  in-depth  studies  are  necessary  as  to  clarify  it.  This  can  also  be 
the  result  of  conflicting  data  and  lack  of  information  coupling  the 
gas  phase  processes  during  the  transport  of  sputtered  species 
through  plasma  with  the  surface  and  volume  processes  responsible 
for  the  growth.  As  no  details  of  the  plasma  diagnostic  has  been 
published  earlier,  the  discussion  on  the  sputtering  reaction  steps 
and  active  species  during  Upon  deposition,  and  the  effect  of  sput¬ 
tering  pressure  and  RF  power,  has  been  limited  to  speculations  and 
assumptions  14,17  .  Choi  et  al.  [14]  suggested  a  sputtering  process 
involving  Li3P04_xNx  species,  however,  the  mass  spectroscopy  re¬ 
sults  in  this  study  showed  no  evidence  of  any  species  larger  than  PN 
(amu  =  45).  In  addition  they  suggested  that  the  amount  of  disso¬ 
ciated  nitrogen  increases  with  increasing  sputtering  power,  how¬ 
ever,  as  can  be  seen  in  Fig.  8  this  is  not  the  case.  The  N/N2  ratio 
actually  decreases  with  sputtering  power  in  the  range  of  50  W  to 
around  150  W,  depending  on  the  nitrogen  pressure  used.  Between 
200  W  and  300  W  the  N/N2  ratio  is  almost  constant. 

The  effect  of  nitrogen  pressure  on  the  Lipon  composition  has 
also  been  intensely  investigated.  Park  et  al.  17]  have  shown  that 
the  content  of  nitrogen  decreases  with  increasing  nitrogen  pres¬ 
sure,  and  using  EDS  we  also  observed  this  trend.  As  reported  by 
Chiu  et  al.  [41  ]  almost  no  nitrogen  is  incorporated  into  the  films 
when  using  a  nitrogen  pressure  of  100  mTorr.  They  relate  this  to  the 
very  low  kinetic  energy  of  the  sputtered  atoms  which  reduces  the 
ability  to  break  the  O-P  bonds.  Indeed  the  impinging  species  are 
less  energetic  at  higher  pressures,  a  fact  confirmed  by  plasma  po¬ 
tential  measurements  from  Fig.  11.  At  the  same  time,  as  is  shown  in 
Fig.  8,  the  content  of  neutral  N2  species  increases  with  increasing 
pressure.  As  suggested  by  Park  et  al.,  these  N2  molecules  can  adsorb 
in  the  growing  film  and  thereby  block  the  access  of  reactive  N+ 
species  and  in  turn  reduce  the  nitrogen  content  in  the  film.  Both 
effects  could  thus  be  possible  explanations  for  the  reduced  nitrogen 
content.  According  to  Park  et  al.  [17]  the  N2  surface  adsorption 
could  also  be  the  explanation  of  the  rough  surface  structure  they 
obtained  at  high  nitrogen  pressure.  Whether  N2  adsorption  can  be 
used  to  explain  the  formation  of  volcano  structures  at  50  mTorr 
observed  in  this  study  are  not  clear,  and  more  detailed  in¬ 
vestigations  are  necessary  as  to  confirm  such  a  correlation.  One 
important  observation  resulting  from  our  measurements  is  that 
due  to  acceleration  in  the  potential  difference  between  \7pi  and  the 
grounded  substrate  N+  can  gain  more  than  9.5  eV  at  5  mTorr  and 
100  W  (see  Fig.  11 )  when  reaching  the  substrate.  This  energy  is  very 
close  to  the  dissociation  energy  of  N2  of  9.79  eV  which  means  that 
N+  can  induce  surface  dissociation  of  N2  unblocking  the  N  pene¬ 
tration,  and  even  more  creating  additional  reactive  N.  Besides  N+ 
accessibility  to  the  surface,  another  effect  must  be  taken  into  ac¬ 
count,  i.e.  the  nitrogen  poisoning  of  the  target.  According  to  Park 


et  al.  17]  the  content  of  N+  in  the  plasma  is  constant  when  using  a 
constant  RF  power,  and  thus  independent  of  the  nitrogen  pressure. 
However,  as  can  be  seen  in  Fig.  7,  this  is  not  the  case.  The  amount  of 
N+  actually  decreases  when  the  nitrogen  pressure  increases,  when 
keeping  the  RF  power  constant  at  100  W.  It  is  therefore  difficult  to 
neglect  the  effect  of  nitrogen  target  poisoning  when  changing  the 
nitrogen  pressure,  as  they  suggested.  An  interesting  link  can  be 
made  to  the  observation  by  Rho  et  al.  16],  that  a  lower  RF  power 
(3  W  cm-2  instead  of  5  W  cm-2)  should  be  used  when  using  a 
mixed  target  of  Li3P04  and  L^N,  compared  to  a  standard  target  of 
pure  Li3P04,  in  order  to  obtain  maximum  nitrogen  content  and 
ionic  conductivity.  This  indicates,  that  the  target  composition,  and 
thus  target  poisoning,  is  an  important  variable  to  control  in  order  to 
describe  and  optimize  the  plasma  composition. 

From  XPS  measurements  it  was  observed,  that  the  sample  pre¬ 
pared  at  50  mTorr  contains  a  very  large  amount  of  phosphor,  pri¬ 
marily  in  the  form  of  PO4-,  as  compared  to  the  sample  prepared  at 
5  mTorr.  From  Fig.  3(f)  it  can  be  seen,  that  the  structure  of  the 
material  inside  the  volcano  has  a  different  texture  than  the  corre¬ 
sponding  flat  Lipon  film,  possibly  due  to  the  formation  of  a  crys¬ 
talline  phase.  Unfortunately,  no  quantitative  chemical  information 
could  be  obtained  from  the  interior  of  the  volcanoes  using  EDS,  as 
the  penetration  volume  of  the  high  energy  electrons  in  the  low- 
density  Lipon  structure  was  too  large.  Based  on  the  high  PO4- 
content  a  possible  explanation  could  be  the  formation  of  y-L^PCH 
as  observed  by  Kim  et  al.  [44]  when  using  a  high  nitrogen  flux.  The 
film  grows  dominated  by  surface  diffusion  (highly  dependent  on 
surface  composition)  which  is  faster  and  more  important  in  this 
case  than  Fickian  diffusion.  The  film  formed  at  low  pressure 
(5  mTorr)  is  compact  and  isotropic  and  Kirkendall  diffusion  (that 
can  induce  porosity)  can  mainly  take  place  at  the  interface  with 
silver  and  gold  layers,  which  should  be  a  very  slow  process.  Films 
produced  at  50  mTorr  show  irregular  morphology  suggesting 
possible  nucleation  sites  for  P.  Such  film  is  not  usable  as  electrolyte 
because  it  needs  to  be  compact,  isotropic,  and  free  of  voids  or 
cracks.  This  suggests  that  the  focus  should  be  on  how  to  increase 
the  conductivity  for  the  good  quality  films  obtained  at  5  mTorr.  It  is 
widely  accepted  that  magnetron  sputtering  is  less  effective  in 
preserving  the  stoichiometry  of  the  target  with  respect  to  pulsed 
laser  deposition  or  molecular  beam  epitaxy  and  this  is  certainly 
influenced  by  the  amount  of  nitrogen  assisting  the  film  growth,  a 
step  further  that  also  needs  to  be  addressed. 

As  these  examples  indicate,  the  type  and  composition  of  reactive 
species  in  the  plasma  are  responsible  for  the  chemical  composition 
of  the  Lipon  film.  However,  in  order  to  get  a  full,  detailed  under¬ 
standing  of  this,  more  systematic  investigations  using  a  quantita¬ 
tive  spectroscopic  technique  (e.g.  X-ray  photoelectron 
spectroscopy)  combined  with  plasma  diagnostics  and  avoiding  any 
air  contamination  is  necessary.  This  would  also  help  to  explain  and 
understand  the  details  of  the  deposition  mechanism.  This  work 
only  serves  as  a  first  attempt  to  relate  the  plasma  diagnostics  to  the 
microstructural  and  electrochemical  properties. 

4.  Conclusion 

In  this  work  detailed  plasma  diagnostics  has  been  performed 
during  RF  sputtering  of  Lipon  and  the  results  have  been  compared 
to  the  microstructure,  chemical  structure  and  the  electrochemical 
properties  of  the  deposited  thin  films.  Using  plasma  diagnostics 
presents  a  new  approach  to  better  understand  how  the  variation  of 
RF  power  and  nitrogen  pressure  affects  the  growth  as  well  as  the 
various  properties  of  the  films.  Low  pressure  (5  mTorr)  and  mod¬ 
erate  power  ( 100  W)  was  found  to  be  most  beneficial  for  the  growth 
of  good  quality  films  with  a  high  ionic  conductivity.  Increasing  the 
RF  power  (300  W)  resulted  in  a  poor  film  quality  due  to  cracks  and 
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dislocation  of  large  clusters  from  the  target,  while  increasing  the 
nitrogen  pressure  (50  mTorr)  resulted  in  a  lower  deposition  rate 
and  a  rough  microstructure  with  volcano-shaped  structures  on  the 
surface.  Chemical  analysis  showed  larger  nitrogen  content  in  the 
Upon  layer  when  using  low  nitrogen  pressure,  while  a  larger  con¬ 
tent  of  phosphorous  was  observed  in  the  surface  layer  when  using  a 
high  nitrogen  pressure.  This  could  possibly  be  explained  by  a  P-rich 
phase  inside  the  volcanoes.  Detailed  plasma  diagnostics  showed 
that  the  optimal  sputter  parameters  of  5  mTorr  and  100  W  is 
correlated  with  a  higher  degree  of  dissociated  N2,  lower  plasma 
density,  higher  electron  temperature,  higher  impinging  energy  for 
ions  and  a  larger  fraction  of  Li,  P  and  PN  at  the  substrate.  No  larger 
clusters  could  be  detected.  As  a  combination  of  these  plasma 
properties,  high-energetic  N+  species  can  be  accelerated  towards 
the  substrate  to  energies  above  the  N2  dissociation  and  improve 
incorporation  of  N  into  the  Lipon  structure.  This  could  possibly 
explain  the  increased  nitrogen  content  at  low  pressures  as  well  as 
the  improved  electrochemical  performance. 
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